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Abstract: Ground surface changes caused by freeze-thaw action affect agriculture and forestry, as
well as artificial structures such as roads. In this study, an area is examined in which reforestation
is urgently needed but the growth of naturally restored seedlings and planted trees is impaired
by freeze-thaw action. Thus, a method of measuring freeze-thaw induced ground surface changes
and mitigating their negative impacts is needed. Real-time kinematic unmanned aerial vehicle and
structure-from-motion multiview stereophotogrammetry are used on slope-failure sites in forest
areas to observe the ground surface changes caused by freeze-thaw action over a wide area, in
a nondestructive manner. The slope characteristics influencing the ground-surface changes were
examined, and it was confirmed that it is possible to observe minute topographical changes of less
than ±5 cm resulting from freeze-thaw action. Statistical models show that the amount of freeze-
thaw action is mostly linked to the cumulative solar radiation, daily ground-surface temperature
range, and topographic-wetness index, which influence the microscale dynamics of the ground
surface. The proposed method will be useful for future quantitative assessments of ground-surface
conditions. Further, efficient reforestation could be implemented by considering the effects of the
factors identified on the amount of freeze-thaw action.

Keywords: RTK-UAV; freeze-thaw action; landslide; thermal imagery; generalized linear model

1. Introduction

Freeze-thaw action of soil occurs worldwide wherever the minimum temperature
is below 0 ◦C, and it is especially noticeable in soils that are highly susceptible to frost
heaving, such as volcanic-ash and peat layers. Freeze-thaw action can negatively affect
human activity. In agriculture and forestry, it reportedly inhibits water flow and can cut
plant roots, resulting in lodging [1]. Freeze-thaw action also damages artificial structures
such as roads [2]. The frequency and intensity of freeze-thaw cycles can show a hetero-
geneous spatial distribution on a small scale (e.g., microtopography) depending on the
environmental conditions [3]. Therefore, quantifying the spatial distribution of freeze-thaw
action is essential to mitigating its negative impacts on human activities.

Traditionally, the erosion-pin method has been used to measure the ground-surface
changes caused by freeze-thaw action. In this method, many pins are pierced into the
ground, and the ground altitude of each pin is measured [4,5]. However, this method has
limitations in terms of capturing detailed and/or accurate ground-surface changes. In this
method, if the erosion pin is not deeply inserted into stable ground, it may be lifted by
frost heaving. In addition, the microtopography could be disturbed by the investigators
during the installation or measurement of the erosion pins. This method is also restricted
in terms of the scale of measurement (e.g., point [6] and quadrat [7]). To measure more
accurately the ground-surface changes caused by freeze-thaw action over a wider area,
a new measurement method should be developed.
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In recent years, there has been remarkable progress in technology for measuring
detailed ground-surface change using proximity sensing, unmanned aerial vehicles (UAVs)
to conduct structure-from-motion multiview stereo (SfM-MVS) photogrammetry [8,9],
UAV-Lidar surveys [10,11], and terrestrial laser scanning (TLS) [2,12]. These measurement
methods have spatial resolutions of several millimeters to several centimeters and can
be used to measure ground surface changes easily over a wide area (several hundred
square meters or more). UAV SfM-MVS systems have the lowest initial cost among these
methods, at 1/5 to 1/10 of the cost of TLS and UAV-Lidar systems. UAVs that integrate
real-time kinematic (RTK)–global navigation satellite systems with a positioning accuracy
of several centimeters have recently become widely available. Therefore, a measurement
system that combines RTK-UAV and SfM-MVS would be an excellent tool for measuring
ground-surface changes in terms of cost and measurement accuracy. However, no studies
have assessed the suitability of a combined RTK-UAV and SfM-MVS system for quantifying
the spatial distribution of freeze-thaw action.

Understanding the relationship between freeze-thaw induced ground surface changes
and topographical characteristics can contribute to the development of applied sciences
such as civil engineering, agriculture, and forestry and fundamental sciences such as
geomorphology and soil science. Previous studies have examined the topographical
factors of ground-surface change (solifluction) associated with freeze-thaw action (e.g., [3]).
However, these studies generally examined a limited number of observation sites and used
methods that disturbed the terrain (e.g., the conventional erosion-pin method).

In Atsuma Town, Hokkaido, approximately 6000 collapsed areas formed as a result
of the Eastern Iburi Earthquake on September 6, 2018 [13]. In this area, the dominant
subsurface geology is volcanic-ash soil. Forestry once flourished in this area, but because of
the earthquake, forest restoration in the area is required. However, this area is covered with
thick volcanic-ash deposits, and the growth of naturally restored seedlings and planted
trees have consequently been impaired by the freeze-thaw action of the soil. Ground-
surface changes resulting from freeze-thaw action occur on daily, seasonal, and annual time
scales. The longer the time scale, the greater the influence of other erosion factors (e.g., rill
and gully erosion). Therefore, focusing on daily changes enables the effects of freeze-thaw
action on ground-surface changes to be captured. The purposes of this study were (1) to
verify whether the ground-surface changes caused by daily freeze-thaw action can be
observed non-destructively and over a wide area, using RTK-UAV and SfM-MVS methods,
and (2) to clarify the relationships between surface changes and slope characteristics.

2. Material and Methods
2.1. Study Site

This study targeted two slope-failure sites in Atsuma Town, Hokkaido (Figure 1a).
Atsuma Town has an average annual temperature of 6.7 ◦C and annual precipitation of
1014 mm, and it is situated in a cool temperate zone [14]. In this area, Zhang et al. [15]
reported 5625 collapsed areas within 46.3 km2, with an average area of 8238 m2 (between
100 and 10,000 m2, which accounts for 75.6% of the total occurrence) and a slope angle
of 15◦–35◦. The two slope-failure sites were located on the north side of the disaster
area (Figure 1a). Slope-failure site 1 has an area of 4178 m2 and an average slope of
approximately 27◦ and faces southeast to southwest (Figure 1b). Slope-failure site 2 has an
area of 2858 m2 and an average slope of approximately 25◦ and faces northwest to northeast
(Figure 1b). The surfaces of the slope-failure sites were composed of volcanic-ash soil.

Two temperature data loggers (CTD-TR-52i, T & D Co., Ltd., Nagano, Japan) were
installed at a height of 1.5 m at each slope-failure site to measure the air temperature
(Figure 1b). The measurement interval was 10 min. The survey was conducted from
December 1, 2019, to May 12, 2020.
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2.2. Field Survey

Aerial photographs were taken using two RTK-UAVs. A DJI Phantom4RTK (hereafter
referred to as P4R) was utilized to measure the ground-surface changes (Table 1). A DJI
Matrice210RTK (hereafter referred to as M210R) and thermal camera (DJI Zenmuse XT2)
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were employed to measure the ground-surface temperature (Table 1). Three surveys were
conducted at the same area, from 15:00 to 16:00 on April 2, from 08:00 to 09:00 on April 3,
and from 15:00 to 16:00 on April 3 2020 (hereafter referred to as 4/2 p.m., 4/3 a.m., and
4/3 p.m., respectively). During the surveys, the weather was cloudy on April 2 and sunny
on April 3. The wind speed was less than 1 m/s on both days. The P4R surveys were
conducted with a shooting altitude of 130 m, a ground-sampling distance of 3.56 cm/pix,
a shutter interval of 2 s, an overlap rate of 80%, and a side-wrap rate of 80%. The M210R
surveys were conducted with a shooting altitude of 150 m, a ground-sampling distance of
18.75 cm/pix, a shutter interval of 2 s, an overlap rate of 90%, and a side-wrap rate of 90%.
The lap ratio of M210R was set higher than the lap ratio of P4R because thermal images
generally have lower resolutions than optical images. Both UAVs can obtain aerial images
using the RTK positioning method. The reference station used for RTK positioning was a
DJI D-RTK2. The coordinate values of the reference station were obtained using the post-
processing kinematic method, and a ProMark 120 (Spectra Precision Inc., Dayton, USA)
was utilized for positioning. The angle of the UAV camera was set vertically downward.
The DJI GSRTK app was employed to set the flight path and autonomous flight of the P4R,
whereas the DJI GSPRO app was used to set those of the M210R.

Table 1. General information related to the unmanned aerial vehicle (UAV) and cameras.

UAV

Airplane model DJI Phantom4RTK DJI Matrice210RTK

Airplane type Rotary-wing aircraft Rotary-wing aircraft

Airplane weight 1391 g 4910 g

Max. duration of flight 30 min 33 min

Base station model DJI D-RTK2 DJI D-RTK2

Cameras

Camera model DJI FC6310R DJI Zenmuse XT2

Number of pixels 20 M 12 M

Sensor size 5472 × 3648 640 × 512

Focal length 8.8 mm 5.0 mm

2.3. Data Analysis

All UAV images used in the analysis had the RTK Fix solution. Metashape Profes-
sional Version 1.6.3 (Agisoft LCC, Saint Petersburg, Russia) was utilized to analyze the UAV
images. This software can restore a three-dimensional shape from multiple photographs
using the principle of photogrammetry. In addition, digital surface models (DSMs) and
ortho-mosaic images were created. The SfM-MVS algorithm was used for this series of
analyses. The camera calibration parameters, such as the focal length of the lens, were the
factory defaults recorded on each UAV. A thermal map (TM) was created using the thermal
images acquired with the M210R, Pix4D Mapper Version 4.5.6 (Pix4D S.A., Lausanne,
Switzerland), and SfM-MVS algorithm. The thermal-image camera only acquired the
relative temperatures, and these values were converted into absolute values using the tem-
perature of running water in rivers, which showed minimal changes. First, we measured
the water temperatures of streams in the study area at three locations in the morning and
afternoon using a water-temperature meter. Next, we calculated the difference between
the observed temperature and temperature extracted from the TM. Finally, we converted
the relative temperatures from the TM into absolute temperatures (in degrees Celsius), by
considering the thermal difference. The daily range of ground-surface temperatures was
calculated from the difference between the TMs in the morning and afternoon.

ArcGIS 10.7 (Esri Inc., Redlands, USA) was used to conduct GIS analysis. Altitude
-differential analysis was performed using the Spatial Analyst tool and two-stage DSMs
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to extract the surface changes (freeze-thaw amount) [16]. In addition, the inclination an-
gle, curvature, and annual amount of cumulative solar radiation, i.e., the solar radiation
received by a slope in a given year, were calculated using the 4/3 p.m. DSM. The topo-
graphic wetness index (TWI) was calculated using the SAGA GIS Modules in QGIS [17]
to understand the ease of collecting water. The maps of each of these calculated variables
were created as raster data, which were then averaged into 0.5 m grid polygons, output to
a CSV file, and used in the generalized linear models (GLMs). These maps were used in
the analysis without intentionally removing snow areas, assuming that the snow cover is
suppressing freeze-thaw action.

To perform differential analysis of the multiple DSMs, we first verified their accura-
cies in the X, Y, and Z directions by comparing the coordinates of 10 verification points
(Figure 1b). These points consisted of markers placed on the ground, and their coordinate
values were extracted from the 4/2 p.m., 4/3 a.m., and 4/3 p.m. DSMs. The coordinates
were compared, and the error and RMSE were calculated for each verification point. The
formula used to calculate the RMSE is as follows:

RMSE =
√ 1

n ∑n
i=1(yi − yi) (1)

We performed a t-test to compare the thermal environments of the slope-failure sites.
Next, we examined the environmental factors affecting the degree of freeze-thaw using
GLMs with Gaussian-distribution error. The freeze-thaw amount was used as the objective
variable. The explanatory variables were the daily range of ground-surface temperatures,
inclination angle, curvature, annual amount of cumulative solar radiation, and TWI.

2.4. Model Selection Procedures

Based on the result of the GLM analyses, we detected influential variables according
to the following procedures. We selected variables included in the top model (i.e., with
a minimum value for the Akaike information criterion (AIC) as environmental factors
affecting the degree of freeze-thaw. Top model selection was performed using the R package
“MuMIn” [18]. Models with an AIC difference below 2 (∆AIC < 2) can be considered to
have significant support [19]. Thus, we considered the explanatory variables that were
included in all equivalent models as influential predictors when multiple equivalent top
models (∆AIC < 2) were identified. All statistical analyses were performed using the
statistical software R, version 4.0.0 [20].

3. Results
3.1. Slope-Failure Site Properties

Figure 2 shows the temperature changes at slope-failure sites 1 and 2. Figure 2a shows
the temperature change during the survey period from winter to spring, and Figure 2b
shows the temperature change on the survey dates from April 2 to 3, 2020. The temperature
was generally higher at slope-failure site 1, where the slope was predominantly south-
facing, than at slope-failure site 2, where the slope was predominantly north-facing. At
4/2 p.m., the maximum temperature was 8.4 ◦C and 7.3 ◦C at slope-failure sites 1 and 2,
respectively. The temperature dropped between 4/2 p.m. to 4/3 a.m., from night to early
morning, reaching −3.9 ◦C and −4.1 ◦C at slope-failure sites 1 and 2, respectively, on the
morning of 4/3. The temperature was above 0 ◦C from around 08:00 on April 3, and the
maximum temperature was 13.8 ◦C and 13.0 ◦C at slope-failure sites 1 and 2, respectively.

Figure 3 shows the UAV orthoimages on 3/13 and 4/2 p.m. On 3/13, the ground
surface of slope-failure site 1 was partially exposed on the steep slope below the convex
break of the slope angle, whereas slope-failure site 2 remained covered with snow. At
4/2 p.m., the ground surface at slope-failure site 1 was completely exposed on the slopes,
and no snow remained, whereas at slope-failure site 2, the ground surface was exposed on
more than half of the slope, but some snow remained.



Remote Sens. 2021, 13, 2167 6 of 14

Remote Sens. 2021, 13, x FOR PEER REVIEW 6 of 14 
 

 

of the slope angle, whereas slope-failure site 2 remained covered with snow. At 4/2 p.m., 
the ground surface at slope-failure site 1 was completely exposed on the slopes, and no 
snow remained, whereas at slope-failure site 2, the ground surface was exposed on more 
than half of the slope, but some snow remained. 

 
Figure 2. (a) Temperature changes at two sites from December 1, 2019 to May 12, 2020. (b) Temperature changes at two 
sites from April 2 to 3, 2020. 

 

Figure 2. (a) Temperature changes at two sites from December 1, 2019 to May 12, 2020. (b) Temperature changes at two sites
from April 2 to 3, 2020.

3.2. Verification of DSM Accuracy Created from RTK-UAV Imagery

Table 2 shows the error and RMSE between the DSMs in the X, Y, and Z directions.
Comparison of the DSM from 4/2 p.m. with that from 4/3 a.m. (as the true value) returned
an X-, Y-, and Z-direction errors of −0.017 to 0.064 m, −0.083 to −0.014 m, and −0.063
to 0.078 m, respectively. The RMSE was 0.036 m, 0.065 m, and 0.049 m in the X-, Y-, and
Z-directions, respectively.
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Table 2. Error and RMSE between the DSMs in the XYZ direction.

No.
4/2 P.M.–4/3 A.M. 4/3 P.M.–4/3 A.M.

X Y Z X Y Z

1 0.004 −0.069 0.078 0.005 −0.016 −0.019

2 0.039 −0.075 0.046 −0.005 −0.012 0.026

3 0.033 −0.057 0.006 −0.008 −0.011 −0.027

4 0.027 −0.068 −0.001 −0.018 −0.020 −0.039

5 0.064 −0.083 −0.001 0.025 −0.023 −0.020

6 0.036 −0.063 0.010 −0.009 −0.007 −0.009

7 0.054 −0.069 −0.063 −0.002 −0.014 −0.031

8 0.024 −0.067 −0.063 −0.011 −0.006 −0.051

9 −0.017 −0.014 −0.048 −0.015 −0.004 −0.059

10 0.019 −0.061 0.071 −0.018 −0.025 −0.010

RMSE 0.036 0.065 0.049 0.013 0.015 0.033
Unit: m.

Comparing the DSM from 4/3 p.m. with that from 4/3 a.m. (as the true value)
returned X-, Y-, and Z-direction errors of −0.018 to 0.025 m, −0.025 to −0.004 m, and
−0.059 to 0.026 m, respectively. The RMSE was 0.013 m, 0.015 m, and 0.033 m in the X-,
Y-, and Z-directions, respectively. The Z-direction RMSE, between the DSMs used in the
differential analysis, was less than ±0.05 m for both sites. Therefore, the altitude change
was used in the differential analysis as a reliable value, to within 0.05 m.

3.3. Environment and Altitude Changes of the Ground Surface at Slope-Failure Sites

Figure 4 shows the annual cumulative amount of solar radiation and the daily range
of ground-surface temperatures at each slope-failure site. Slope-failure site 1 had a higher
annual cumulative amount of solar radiation than slope-failure site 2 (t-test, p < 0.01;
Figure 4a). The daily range of ground-surface temperatures at slope-failure site 1 was also
larger than that at slope-failure site 2 (t-test, p < 0.01; Figure 4b).
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Figure 5 provides a map of the altitude changes. The amount of positive altitude
change indicates the amount of frost heaving. Differential analysis of the DSMs from
4/2 p.m. and 4/3 a.m. confirmed that the number of cells in which the altitude of the
ground-surface increased because of frost heaving was higher at slope-failure site 1 than at
slope-failure site 2 (Figure 5a). The degree of altitude decrease can be interpreted by the
amount of melted soil ice. Differential analysis of the DSMs from 4/3 a.m. and 4/3 p.m.
confirmed that the ground-surface altitude decreased equally at the two slope-failure sites
(Figure 5b). Figure 6a presents a map of the summed absolute values of frost heaving
and thawing. The average amount of freeze-thaw was 0.10 ± 0.07 m and 0.08 ± 0.15 m
at slope-failure sites 1 and 2, respectively. In addition, slope-failure site 1 exhibits a larger
freeze-thaw amount than slope-failure site 2 (t-test, p < 0.01; Figure 6b).

3.4. Relationships among Freeze-Thaw Amount, Terrain, and the Thermal Environment

Table 3 lists the details of the top four models with the lowest AICs and the null
model. We detected three influential variables affecting the freeze-thaw amount: the daily
range of ground-surface temperatures, TWI, and annual cumulative solar radiation. These
three variables were selected in all models (∆AIC < 2). The standardized partial regression
coefficient was positive for the daily range of ground surface-temperatures, negative for
TWI, and negative for the annual cumulative solar radiation, but all coefficient values
were significant.
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Table 3. Standardized partial regression coefficients selected in the top three models explaining the freeze-thaw amount.

Rank of
Model AIC ∆AIC

Estimated Coefficients (Standard Error)

Intercept
Ground
Surface

Temperatures
TWI Cumulative

Solar Radiation
Inclination

Angle Curvature

1 –11,297.7 0.00 0.102 ***
(0.00831)

0.00106 ***
(0.000130)

–0.00410 ***
(0.000983)

–7.43 × 10−6 ***
(1.98 × 10−6)

0.000318
(0.000167)

2 –11,296.1 1.64 0.114 ***
(0.00531)

0.00113 ***
(0.000126)

–0.00481 ***
(0.000911)

–8.47 × 10−6 ***
(1.90 × 10−6)

3 –11,295.9 1.76 0.102 ***
(0.00831)

0.00106 ***
(0.000130)

–0.00411 ***
(0.000983)

–7.44 × 10−6 ***
(1.98 × 10−6)

0.000320
(0.000167)

–2.04 × 10−7

(4.16 × 10−7)

4 –11,294.3 3.43 0.114 ***
(0.00531)

0.00113 ***
(0.000126)

–0.00482 ***
(0. 000912)

–8.47 × 10−6 ***
(1.90 × 10−6)

–1.89 × 10−7

(4.16 × 10−7)

Null model –11,170.3 127.44 0.0923 ***
(0.00130)

*** p < 0.001.

4. Discussion
4.1. Validity, Accuracy, and Applicability of DSMs Created from RTK-UAV Images

Obanawa et al. [21] verified the accuracy of DSMs created from RTK-UAV images
and found errors of 0.037 to 0.327, 0.096 to 0.231 m, and 0.062 to 0.105 m in the X-, Y-, and
Z-directions, respectively. The method presented here is slightly more accurate than that in
the previous study, and the measurement accuracy is generally supported by the previous
work. The high accuracy of the measurement may be attributed to the high overlap of
DSMs. Obanawa et al. [21] set the side overlap of the images as 60%, whereas we set the
overlap ratio to 80% because DSMs created from multiple images with a high overlap rate
are more accurate than those created from images with a lower overlap [22]. Therefore,
the constructed models showed small RMSEs in the X-, Y-, and Z-directions (0.013 to
0.065 m). In particular, the RMSE in the Z-direction was less than ±0.05 m, suggesting
that ground-surface changes of ±0.05 m or more were reliable in our constructed DSMs.
Previous studies conducted in the same area as this study, with the same equipment,
returned RMSEs in the X-, Y-, and Z-directions of approximately 0.06 m, with a maximum
error in the Z-direction of approximately 0.1 m. Nakata et al. [16] reported that it is possible
to observe ground-surface changes of ±0.1 m or more. The freeze-thaw amounts detected
in this previous study agreed well with our study results.

In this study, an RTK-UAV was used to create 3D surface maps. However, most previ-
ous studies have utilized UAVs without RTK positioning. DSMs constructed from UAV
data, without RTK positioning, also show minor measurement errors (several centimeters),
relative to ground control points (e.g., [12,23]). However, because UAVs without RTK posi-
tioning have flight accuracy inferior to that of UAVs with RTK positioning, it is necessary to
set dozens of ground control points for these surveys and to provide accurate coordinates
to the 3D model during analysis. Installing ground control points is relatively easy on flat
terrain, such as farmlands, but installing them on slope-failure sites and collapsed land
is laborious and dangerous. In addition, it has been reported that the accuracy of DSMs
depends on the spatial placement of ground control points [23]. UAVs with RTK involve
monetary costs about twice as high as those for UAV without RTK. However, from the
perspectives of labor, safety, and versatility, the SfM-MVS method using UAVs with RTK is
superior to the conventional UAV without RTK positioning.

The average amount of freeze-thaw was 0.10 ± 0.07 m and 0.08 ± 0.15 m at slope-
failure sites 1 and 2, respectively. Sarsembayeva and Collins [24] observed the amount
of freeze-thaw in laboratory experiments using Kazakh Steppe soils. They reported that
the amounts of frost heaving and thawing were 0.05 m/day and 0.01 m/day, respectively.
These results agree with those presented in this report.
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4.2. Environmental Factors Affecting Freeze-thaw Amount

The annual cumulative solar radiation, daily range of ground surface temperatures,
and TWI were identified as significant contributors to the three top models explaining
the freeze-thaw amount (Table 3). In this study, we calculated the diurnal changes in the
ground-surface altitude as the sum of the frost heaving and thawing amounts. Therefore,
the freeze-thaw index reflects the effects of both freezing and thawing on ground movement.
The thermal environment and water conditions of the ground are important for freeze-
thaw action [25]. These variables influence the microscale dynamics of ground surfaces
by regulating the thermal and hydrologic conditions of surface soils, as follows. First,
the annual cumulative solar radiation negatively affects the freeze-thaw amount. Solar
radiation repeatedly increases the ground-surface temperature and promotes the melting of
soil ice in the long term. Thus, we assume that slopes with higher annual cumulative solar
radiation generally contained less moisture at the time of our observations. As drier soils
are less susceptible to freezing than wet soils, it is assumed that the freeze-thaw amount
has a negative correlation with the annual cumulative solar radiation.

Second, the daily range of ground surface temperatures positively affected the freeze-
thaw amount. A larger daily range of ground-surface temperatures indicates that the
ground-surface temperature of the slope tends to decrease substantially during the night
and then increase during the day. Nighttime low temperatures increase the frost heaving
amount, while daytime high temperatures increase the frost thawing amount. Kellerer-
Pirklbauer [25] highlighted the importance of the thermal environment and water condition
of the ground in freeze-thaw action. This suggests that the factors affecting the surface and
subsurface thermal environment, such as the daily range of ground-surface temperatures,
also play important roles in freeze-thaw action.

Contrary to our expectation, the freeze-thaw amount was limited on the slope with
higher TWI. In general, areas with high TWIs correspond to gullies or rill erosion areas
on the slope [26–28]. When gully or rill erosion occurs, the surface soil is eroded, and the
matrix in which soil ice growth occurs is removed. Therefore, the TWI is assumed to limit
the increase in the freeze-thaw amount.

4.3. Differences in Freeze-Thaw Amount between Slope-Failure Sites

The amount of frost heaving tended to be higher at slope-failure site 1 than at slope-
failure site 2, whereas the sites showed little difference in the amount of frost thawing
(Figure 5). Consequently, the total amounts of frost thawing and heaving tended to be
larger at slope-failure site 1 (Figure 6). In addition, the decrease in altitude at slope-failure
site 2 may include decreases caused by capturing the melting of the remaining snow,
resulting in a greater freeze-thaw amount at slope-failure site 1 than at slope-failure site
2. The annual cumulative solar radiation, daily range of ground-surface temperatures,
TWI, and inclination angle were extracted from the best model explaining the freeze-thaw
amount (Table 3). Differences in these variables between slope-failure sites may result in
differences in the freeze-thaw amount.

Ice in soil begins to freeze or thaw at 0 ◦C [29]. From the temperature change in
Figure 2, it can be inferred that on April 2, ice melted during the daytime, the temperature
fell below 0 ◦C at approximately 22:00, and the ice stayed frozen until the morning of April
3. On the slopes on which the soil froze, it is assumed that the ground surface was lifted by
frost heaving, increasing the altitude (Figure 4). On April 3, the temperature exceeded 0 ◦C
from around 08:00, rose to 13 ◦C around 14:00, and did not fall below 0 ◦C until around
20:00. It is assumed that during that time, any soil that remained frozen continued to thaw.
It is presumed that this process decreased the altitude of the ground surface.

South-facing slopes show earlier snow thawing and larger daily surface temperature
ranges because they receive more solar radiation and tend to have higher surface tem-
peratures. In addition, Kellerer-Pirklbauer [25] reported that snow covering the ground
surface suppresses surface-temperature changes, resulting in decreased freeze-thaw action.
Consequently, south-facing slopes generally experience larger freeze-thaw amounts than
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north-facing slopes [30]. On the south-facing slope at site 1, the temperature was relatively
high, the snow melted quickly in early spring (Figure 2), and the daily ground-surface
temperature range was large (Figure 3). These observations support the results of the
previous work.

5. Conclusions

In this study, we first verified the effectiveness of a new method using an RTK-UAV
and SfM-MVS algorithm to measure ground-surface changes caused by diurnal freeze-thaw
action on slope-failure sites in forest areas. Furthermore, we clarified the relationships
between the ground-surface changes and slope characteristics based on 3D surface maps
created via this new method. We found that (1) this areawide and nondestructive method
can be used to assess accurately the ground-surface changes over a wide area, with a
Z-direction error of ±0.05 m, (2) the freeze-thaw amount was affected by the thermal and
topological slope characteristics, and (3) the freeze-thaw amount on the south-facing slopes
(slope-failure site 1) was larger than that on the north-facing slopes (slope-failure site 2).

Our study will contribute to the development of a quantitative method of assessing
ground-surface conditions, such as snow-depth estimation [21], and fosters an understand-
ing of natural phenomena. In particular, the spatiotemporal resolution improvement was
remarkable. For example, in a previous study measuring ground-surface changes because
of erosion and sedimentation at a slope-failure site, topographical changes of several cen-
timeters were detected over approximately 1 month [16]. In this study, we demonstrated
that the temporal resolution of surface change observations can be further improved (i.e.,
from half a day to one day).

Furthermore, by simultaneously examining the topographical factors that affect the
freeze-thaw amount, we demonstrated the analytical applications of RTK-UAV techniques.
In the study region, approximately 6000 collapsed areas formed as a result of the Hokkaido
Eastern Iburi Earthquake in 2018. Rapid reforestation of slope-failure sites is urgently
needed. We identified three influential factors, namely, the annual cumulative solar radia-
tion, daily ground-surface temperature range, and TWI, which should be considered when
planning efficient reforestation in this area. In the future, we will elucidate the relation-
ship between the freeze-thaw amount/these factors and the growth of naturally restored
seedlings and planted trees, which will contribute to reforestation. However, underground
variables such as geological factors were not considered in this study. In the future, by
mounting a microwave sensor on the RTK-UAV, it will be possible to acquire data such
as that describing underground structures in a planer manner [31]. Further technological
innovations and reduced sensor costs will enable the identification of other factors that
influence freeze-thaw amounts in a nondestructive manner. We expect that our findings
will lead to further understanding of the morphological ground-surface changes that affect
ecosystems and human activities.
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